1. Coproporphyrinogenase was extracted and purified from tobacco (Nicotiana tabacum L.). Enzyme activity was mainly located in mitochondria rather than in chloroplasts. The enzyme was purified by differential centrifugation, ammonium sulphate fractionation, calcium phosphate gel adsorption and dialysis. A 69-fold final purification was obtained. 2. An apparent Km value of 3.6 x 10-5M was found, the value being largely dependent on the amount of coproporphyrin III recovered after reduction with sodium amalgam to coproporphyrinogen III. Protoporphyrin formation was linear up to 3 h and decreased with further incubation. The enzyme activity increased with the concentration of enzyme protein up to 30,jtg/ml of solution. 3. Enzyme activity was greatly enhanced by increasing Fe2+ concentrations up to 0.5 mm, beyond which inhibition occurred. Co2+ and Mn2+ were also found to activate at low concentrations (0.1 mM) and inhibit at higher concentrations (5mm). Fe3+ and Cu2+, both at 0.1 mM, and o-phenanthroline and EDTA, each at 1 mm, were found to be inhibitory.
The requirement for iron for the biosynthesis of chlorophyll both in higher plants and in photosynthetic bacteria has been known for decades (Gris, 1844; Van Niel, 1944) . Iron is not a component of any chlorophyll precursor. It has been suggested that iron may be required in enzymic reactions in the overall pathway leading to chlorophyll biosynthesis (Lascelles, 1962) . The suggested reactions are the condensation of succinyl-CoA and glycine into 8-aminolaevulate, the conversion of coproporphyrinogen III into protoporphyrin IX and the turnover of magnesium protoporphyrin monomethyl ester. Pappenheimer (1947) showed that Corynebacterium diphtheriae accumulated porphyrins together with toxin when grown in iron-deficient media. The yield of porphyrin decreased when iron was increased beyond a critical concentration. An accumulation of porphyrin, predominantly coproporphyrin III, has since been found in many nonphotosynthetic organisms and photosynthetic bacteria grown under conditions of low iron concentration (Van Niel, 1944; Lascelles, 1956 Lascelles, , 1962 . In photosynthetic organisms increasing the concentrations of iron suppressed the excretion of porphyrin but increased the formation of bacteriochlorophyll (Lascelles, 1956 (Lascelles, , 1962 (Lascelles, 1962) . The influence of iron on the concentration of coproporphyrin III formed from 8-aminolaevulate suggests that iron may participate in the copro. porphyrinogenase-catalysed conversion of the propionic side chains of coproporphyrin III into the vinyl side chains of protoporphyrin IX.
It is noteworthy that mitochondrial coproporphyrinogenase is inhibited by o-phenanthroline and 8-hydroxyquinoline 5-sulphate, chelating agents with a high affinity for iron (Sano & GCranick, 1961; Granick & Mauzerall, 1958) .
In contrast with the above evidence suggesting a role of iron in the synthesis of protoporphyrin IX, Marsh, Evans & Matrone (1963a,b) reported that 8-aminolaevulate was converted into both protoporphyrin IX and chlorophyll by iron-deficient leaf discs (from cow-pea) at the same rate as by normal leaf discs. Batlle, Benson & Rimington (1965) were not able to demonstrate the presence of any essential metal in coproporphyrinogenase purified from rat liver mitochondria. Carell & Price (1965) observed an accumulation of coproporphyrin III and a decreased rate of protoporphyrin IX formation in Euglena gracitie only with extreme iron deficiency where growth was limited.
The work of Hsu & Miller (1965) suggested that the conversion of coproporphyrinogen III into protoporphyrin IX was an iron-requiring step in the biosynthesis of chlorophyll in higher plants. Coproporphyrinogen III. Coproporphyrinogen III was prepared as outlined by Batlle et al. (1965) . Coproporphytin III (0.5mm) was reduced with freshly ground 3% sodium amalgam (1 g/ml of solution) under N2 in dim red light. The porphyrin was reduced to the colourless porphyrinogen in a few minutes. The solution was filtered by suction through a sintered-glass funnel into a tube containing 2m-potassium thioglycollate to give a final concentration of 0.05M and titrated to pH7.4 with 40% (w/v) H3PO4. The resulting solution was diluted to a volume double that of the original solution with 0.01 Mtris-HCl buffer, pH 7.4, and used immediately. The yield of coproporphyrinogen III was determined after reoxidation of an acidic mixture of coproporphyrin III by exposure to light and air for 20-30 min at room temperature.
Sodium amalgam was prepared by the method of Sano & Granick (1961) and Read & Lucarini (1925) . Sodium metal was melted in a Pyrex flask containing toluene on a hot-plate. After removal of heat, mercury (sufficient to give 3% sodium amalgam) was added dropwise with shaking. A solid amalgam was formed in seconds. It was cooled on filter paper, washed with light petroleum (SO-60'C), air-dried, crushed in an iron mortar and stored in an N2-flushed test tube until used.
Enzyme preparation. Leaf material (1Og) from tobacco (Havana 38) was cut into small pieces and added to 180ml of an extraction medium containing 0.5M-sucrose, 0.05M-ascorbic acid and 0.01 m-tris-HCl buffer, pH 7.4. It was homogenized in the cold for six periods of 30s each in a Waring blender. After filtration through four layers of cheesecloth by suction, the extract was centrifuged at 17000g for 30min to precipitate chloroplasts (Gorham, 1955) , mitochondria, grana and broken chloroplasts (Axelrod, 1955) . In experiments comparing activity in different cellular fractions the extract was centrifuged at lOOOg for 15min (chloroplast fraction) and then at 17000g for 30min (mitochondrial fraction). The precipitate was suspended in 40ml of 0.01 M-tris-HCI buffer, pH7.4, and ultrasonicated for 5min in an ice bath. The cellular debris was removed by centrifugation for 10min at 17000g.
(NH4)2SO4 was added to the cooled extract to give 50% saturation. After 1 h the solution was centrifuged at 11 750g for 10min at 1°C. The supernatant was brought to 75% saturation with (NH4)2SO4 and after 10min the solution was centrifuged at 11 750g for 10min. Both precipitates contained low coproporphyrinogenase activity and were discarded. Calcium phosphate gel (40mg dry wt. of gel/ml), prepared by the method of Colowick (1955) , was added to the supernatant in the proportion 1:5 (v/v). After being stirred for 10min the gel was removed by centrifugation at 1060g for 10min.
The enzyme in the above supernatant was dialysed against 0.01M-tris-HCl buffer, pH7.4 (two changes), in a cold-room for 16h. The solution obtained was the partially purified enzyme and was used for kinetic studies, including those on metal requirements.
Identification of protoporphyrin IX. The product of the coproporphyrinogenase-catalysed reaction, protoporphyrin IX, was extracted from the assay mixture and chromatographed by the methods of Falk (1961) . Protoporphyrin IX was extracted into ether, vacuum-dried, dissolved in a minimum volume of 2m-KOH and spotted on a t.l.c. plate coated with silica gel (0.25mm thick). The plate was developed with 2,6-lutidine-water (5:3, v/v) in a chamber saturated with NH3 vapour. Markers of coproporphyrin III and protoporphyrin IX were also dissolved in 2M-KOH and applied to each plate. The RF values of coproporphyrin III and protoporphyrin IX on the silica gel plate were 0.39 and 0.69 respectively. Protoporphyrin IX was detected under u.v. light. The chromatogram indicated the presence of protoporphyrin IX in the standard assay mixture. Only traces were found in the assay mixture containing boiled extract. The coproporphyrin III stock solution contained about 3ng of protoporphyrin IX/,ig of coproporphyrin as contaminant.
Assay of coproporphyrinogenase activity. The enzyme preparation was assayed by the method of Batlle et al. (1965) . The reaction mixture, which contained 1 ml of tbe enzyme extract (23-30 jig) and 1 ml of freshly prepared coproporphyrinogen III (made by reduction of 0.5ml of 0.5mm-coproporphyrin III stock solution), was incubated aerobically in the dark at 30°C for 2h with mechanical shaking at about 9-100 oscillations/min. After incubation, 0.33 ml of conc. HCl was added to each mixture to stop the reaction. The mixture was then exposed to light and air for 20-30 min at room temperature to convert any porphyrinogens into porphyrins. The precipitated protein was removed by filtration through Whatman no. 1 filter paper, washed with 3 x 3ml and then with 2 x 1.5ml of 5% (v/v) HCI. The filtrate and washings were combined.
The acid solution was promptly adjusted to pH 3.2 with saturated sodium acetate and extracted into ether. Coproporphyrin was extracted from the ether by shaking with 3x6ml of 0.36% HCl. Protoporphyrin was then extracted with 3x3ml of 5% HCl and diluted to 10ml with the same acid. The extinction of the solution was measured at 380, 405 and 430nm and the porphyrin concentrations were calculated by using the correction formulas of Rimington & Sveinsson (1950) . Boiled enzyme incubated with the same concentration of coproporphyrinogen III was used as control and any protoporphyrin IX found was subtracted from the amount determined under the experimental conditions. Enzyme unit. One unit of coproporphyrinogenase was defined as the amount of enzyme that catalysed the formation of 1 ,umol of protoporphyrin IX/min from coproporphyrinogen III under the standard conditions described above. Specific activity was defined as no. of units/mg of protein.
Determination of iron and protein contents. Protein content was measured by the method of Lowry, Rosebrough, Farr & Randall (1951) . Casein standard was used (Sigma Chemical Co.). Iron content was determined as outlined by Cameron (1965) . The enzyme preparation (0.5ml) was added to 0.1 ml each of 70% (w/v) HC104 and 30% (w/v) H202 and digested for 30min at 100°C. The mixture was cooled and the iron reduced to ferrous form with 0.1 ml of freshly prepared 10% (w/v) hydroxylamine hydrochloride solution. After 5min lml of o-phenanthroline (0.5% in 50% ethanol) was added, followed immediately by 1 ml of pyridine. The solution was diluted to 10ml with water and the extinction determined at 509nm. The concentration of Fe2+ was obtained from a standard curve constructed by use of standard solutions of Fe(NH4)2-(SO4)2.
RESULTS
Purification of coproporphyrinogenase. The highest enzyme specific activity (Table 1) was found in the mitochondrial fraction (mitochondria, grana, broken chloroplasts). The activity was several times higher than that found in the chloroplasts. However, as protoporphyrin is formed from 8-aminolaevulate or porphobilinogen by disrupted chloroplasts from Euglena (Carell & Kahn, 1964) , both chloroplasts and mitochondrial fractions were used for further purification.
The highest coproporphyrinogenase activity was found in the supernatant of the fraction treated with ammonium sulphate at 75% saturation ( Table 2) . The fractions saturated at 0-50% and 50-75% with respect to ammonium sulphate contained respectively only 6% and 35% of the specific activity compared with the supernatant fraction. The extract was purified by further adsorption with calcium phosphate gel, which removed 30-40% of the protein, resulting in a 42-fold purification.
On subsequent dialysis 1.6-fold activation of the enzyme was obtained with no change in the protein content. The removal of inhibitory substances such as ammonium sulphate seems possible. Extracts of coproporphyrinogenase (69-fold purification) retained their activity for weeks when stored frozen. Total activity as well as percentage yield was higher in the ammonium sulphate fraction than in the sonicated particulate fraction, which might also indicate the removal of inhibitor(s).
Effect of incubation time. Coproporphyrinogenase activity was linear with respect to time when the enzyme was incubated in the dark for up to 3h, and decreased with longer incubation periods (Fig. 1) . Reoxidation of coproporphyrinogen III probably occurred with a longer incubation time, resulting in lower substrate concentration and decreased enzyme activity. Effect of enzyme concentration. Coproporphyrinogenase activity was proportional to the concentration of protein up to 30,ug/ml (Fig. 2) . The final concentrations of protein in the purified enzyme extract were below 30,ug/ml. Since ml of extract was used in the assay this upper limit of protein concentration was never exceeded.
Effect of 8ub8trate concentration and the Km value. The actual concentration of coproporphyrinogen III in the reaction mixture was not known, since autoxidation takes place under conditions of the assay where aerobic conditions are required. Substrate saturation occurred at about 90mM (Fig. 3) . The apparent Km value estimated from Fig. 3 was about 3.6 x 10-M. This is in close agreement with values reported for preparations from other organisms (Batlle et al. 1965; Sano & Granick, 1961 ). This value is only approximate, however, because of the difficulty in determining the actual substrate concentration.
Effect of Fe2+ on coproporphyrinogena8e. The effect of Fe2+ on the activation of the enzyme is shown in Fig. 4 . Maximum activation (two-fold) was obtained with 0.5mM-ferrous ammonium The Michaelis constant, Km, for coproporphyre used with concentrations of rinogenase was found by other investigators to be ie assay mixture contained 23,ug 3 x 10-5M (Batlle et at. 1965) and 2 x 10-5M (Sano & f endogenous iron/ml. Granick, 1961 proporphyrinogenase activa-addition of EDTA was much higher than that by hree different concentrations o-phenanthroline, which has a higher affinity for the reaction mixture) and Fe2+. Coproporphyrinogenase was activated by Fe2+ (Table 3 ). The enzyme Mn2+ and C02+ at concentrations lower than where uddition of Fe3+ at the three maximum activation occurred with Fe2+. The i; over 80% inhibition was metal associated with the enzyme in vivo could be entration of 5mM. Cu2+ at Mn2+ or C02+ or a combination of both.
e activity completely. C02+
The metal ion-chelate complex was possibly not e enzyme three-and two-fold fully developed under the incubation conditions. concentration than did Fe2+. The Fe2+-o-phenanthroline complex forms at an ]coproporphyrinogen showed optimum pH range 5.5-6.5. A pH value other than on coproporphyrinogenase the optimum could result in low affinity of o-I by the spectrophotometric phenanthroline to Fe2+ (Adler & George, 1965 
